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Abstract 
Demand and Capacity Factor Design (DCFD) is a probability-based safety-checking format for 
performance-based seismic design and assessment of structures. Inspired from the original DCFD 
formulation for seismic excitation, this work proposes a similar performance-based safety-checking 
format for flooding, adopting the flood height as the intensity measure. The proposed DCFD 
formulation implements the fragility/hazard parameters for flooding. The structural fragility is 
evaluated by adopting an efficient and simulation-based method yielding the so-called “robust” 
fragility curve and an associated plus/minus one-standard deviation interval. The structural 
performance is measured by the (critical) demand to capacity ratio for the weakest element of the 
weakest wall within the structure, subjected to a combination of hydro-static, hydro-dynamic and 
accidental debris impact loads. Analogous to the incremental dynamic analysis method proposed for 
seismic demand assessment, an incremental flood height analysis is used to monitor the structural 
performance as a function of increasing water height. For each structural modelling configuration, 
generated based on the characterization of uncertainties in loading and material mechanical 
properties, the incremental flood height analysis is employed in order to calculate the critical water 
height corresponding to a demand to capacity ratio of unity. The application of the proposed 
methodology is demonstrated for both flood fragility/risk assessment and comparative screening of 
various viable flood mitigation strategies for a non-engineered building made of cement bricks in 
Dar Es Salaam, Africa. 
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Introduction 
Non-engineered structures can be characterized by un-classified construction practice, non- 
well-documented material mechanical properties, lack of reference technical codes and lack of a 
structural design basis. Aforementioned qualities would arguably result in buildings that are 
particularly vulnerable to extreme natural events. As far as it regards hydro-geological hazards like 
flooding, this very often pairs up with poor and un-informed “choice” of the construction site. 
Considering their un-programmed nature, the non-engineered building sites often coincide with 
flood plains and potentially flood-prone areas.  
 
Flooding vulnerability and risk assessment is the subject of increasing attention in the past 
decades. Smith and Greenway [1], Torres et al. [2], Davis [3], Scawthorn et al. [4, 5] define general 
methodological approaches to flood risk assessment. Various research efforts are focused on several 
aspects of flooding problem, such as loss of life [6, 7], economic losses [8, 9], and damage to 
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buildings [10-12]. These works are mainly based on damage observed after the flooding event 
classified using different discrete scales. Kelman [13] classifies the damage with a scale of six 
damage states (from DS0 to DS5) from no water contact to structural collapse or undermining of the 
foundation. Analogous to the definition of the damage grades in the European Macroseismic Scale 
EMS-98 [14], Schwarz and Maiwald [11, 15] proposed a modified damage scale distinguishing 
between structural and non-structural damage. Charvet et al. [16] have applied a statistical model to 
assess the fragility of different buildings to Tsunami based on the damage state classification of the 
Ministry of Land, Infrastructure and Transport (MLIT) index damage state (DS) after the tsunami 
occurred in Japan (2011). Formulations to assess the vulnerability of a building in terms of damage 
state probability are proposed by Haugen and Kaynia [17] (for the impact of debris flow) and Nadal 
et al. [18] (for riverine and coastal floods). Dawson et al. [19] have evaluated the flooding risk of a 
dike system through a sampling technique in a MC simulation approach. Yue and Elligwood [20] 
have highlighted the importance of considering the modelling uncertainties in the assessment of 
hurricane risk for different configurations of structures (e.g. different number of floors, connection 
systems, materials). Very few analytical models for vulnerability assessment have so far been 
proposed for flash-flood and debris flow phenomena. Nigro and Faella [21] have classified the 
various resisting mechanisms for reinforced concrete frames and masonry structures. They have 
used limit analysis in order to calculate the critical flow velocity that can activate a mechanism in 
the structure. Haugen and Kaynia [17] have proposed a methodology for calculating the dynamic 
response of an equivalent single degree of freedom system to debris flow impact.  
This work documents the research being conducted in the context of the European FP7 project 
Climate Change and Urban Vulnerability in Africa (CLUVA) with regard to flooding vulnerability 
of informal settlements. In previous works, De Risi et al. [22], Jalayer et al. [23] and [24], De Risi 
et al. [25] and [26], the authors have proposed two distinct approaches for flood risk assessment for 
urban areas in Africa suitable for micro- and meso-scale, respectively. The work by De Risi et al. 
[22], which focuses on flood risk assessment in micro-scale, illustrates how a modular performance-
based methodology for risk assessment (a.k.a, the Pacific Earthquake Engineering Research (PEER) 
approach for seismic risk assessment; see for example, Cornell et al. [27]) can be used in order to 
calculate the flooding risk for a portfolio of informal settlements. Along the same lines and focusing 
on the assessment of structural vulnerability, the present work applies the Demand and Capacity 
Factor Design (DCFD) for safety-checking and upgrade decision-making for informal settlements. 
The original DCFD is a probability-based safety-checking format for seismic assessment (Cornell et 
al. [28] and Jalayer and Cornell [29]). According to this format, the factored capacity is compared 
with the factored demand corresponding to a prescribed allowable risk [29]. Using the flooding 
height as the intensity measure between hazard and fragility, the structural capacity for a prescribed 
limit state is described in terms of the critical water height corresponding to the limit state in 
question. In the context of safety-checking based on DCFD format, this translates into comparing 
the factored critical flood height for a given building to the flooding height corresponding to a 
prescribed return period, providing an efficient and graphical procedure for structural assessment 
and upgrade decision-making [30]. 
1 Methodology 
1.1 Limit states, the performance variable and the sources of uncertainty 
The structural limit states are used as a proxy in order to describe the various damage states in 
the structure. This paper focuses on the limit state of collapse (CO) that is identified based on the 
corresponding critical water height threshold. This choice is further justified recalling that the flood 
height can be used as the scalar intensity measure for the integration of flooding hazard and 
vulnerability to calculate the flood risk [22]. The structural collapse limit state consists in the failure 
of the bearing structure, collapse of the walls, loss of support of the roof, or loss of loading bearing 
capacity of the building due to elongated contact with water or deterioration. Generally speaking, 
structural collapse entails the loss of vertical loading capacity in the structure. The structural limit 
state exceedance is described herein in terms of a structural performance variable --denoted as Y 
and defined in terms of a systemic critical demand to capacity ratio-- that exceeds unity for the limit 
state in question. Given the potential fragile nature of collapse and the possible lack of box 
behaviour in non-engineered buildings, it has been chosen to define the critical demand to capacity 
ratio according to a weakest link formulation where the weakest element in the structure arrives to 
the onset of collapse limit state [31].  
As it has been mentioned above, the flooding height is being used as the intensity measure; that 
is, the parameter in terms of which the evaluation of capacity and demand is performed. 
Consequently, it has been chosen to work with a structural performance variable defined as the 
critical flooding height corresponding to Y=1; where Y is the critical demand to capacity ratio 
defined in the previous paragraph. This structural performance variable is denoted generically as 
hY=1. In fact, the use of limit state thresholds defined in terms of the intensity measure is already 
established and examples can be found in various works such as [32, 33]. Based on the definitions 
presented herein, the flooding fragility, defined as the probability of exceeding the limit state 
conditioned on the flooding height h can be described as: 
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It should be noted that the critical water height hY=1 is a function of the uncertain parameters θ 
present in the fragility estimation problem. However, for the sake of brevity, the dependence on θ is 
dropped hereafter. The structural fragility can also be interpreted as the cumulative distribution 
function for the performance variable or critical water height hY=1. In general, the uncertainties in 
the vulnerability assessment of non-engineered structures can be classified in three main categories, 
namely, (a) the uncertainties in the characterization of material mechanical properties; (b) the 
uncertainties in the characterization of the structural and geometrical modelling parameters; and (c) 
the uncertainties in loading. In the case-study presented in this work only the uncertainties in 
mechanical material properties and loading (only related to debris impact) are considered. 
1.2 The Incremental Flood Height Analysis (IFHA) 
For a given realization of the vector of uncertain parameters θ, the incremental flood height 
analysis procedure consists of calculating the value of the critical demand to capacity ratio in the 
structure for increasing values of flooding height. That is, for each given value of the water height 
h, the critical demand to capacity ratio Y is calculated for the structure and the resulting Y-h data 
points can be connected in order to form the incremental flood height analysis (IFHA) curve. Figure 
1 shows a schematic representation of an IFHA curve.  
 Figure 1: Typical incremental flood height analysis curves. 
It can be noted that a given IFHA curve corresponds to a prescribed realization of the vector of 
parameters θ. Therefore, a sample of θ vector realizations would lead to sample of IFHA curves. It 
can also be noted that the IFHA curve can be used to find (by interpolation) the critical water height 
value corresponding to the onset of (a prescribed) limit state identified as Y=1. 
1.3 An Efficient Bayesian fragility assessment procedure 
Jalayer et al. [34, 35] have discussed how a simulation-based Bayesian procedure can be 
employed in order to derive flooding fragility curves conditioned on a Log Normal fragility model. 
This method can efficiently implement the results of the incremental flood height analysis (i.e., the 
critical flooding height values corresponding to Y=1) for a limited sample of θ realizations as 
“data” in order to provide a robust flood fragility curve (as a mean estimate over all possible 
fragility curves defined by a prescribed model, e.g., Log Normal model) and the mean plus/minus 
one standard deviation curves. In this section, a brief overview of this method is provided. 
Suppose that a Log Normal distribution identified by the vector of parameters χ=[η, β] has 
been chosen as the underlying fragility model2: 
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where the parameters χ =[η, β] stand for the median and the logarithmic standard deviation for the 
distribution of the natural logarithm of the critical flood height value corresponding to the onset of 
limit state denoted by hY=1. The joint probability distribution for parameters χ of the Log Normal 
distribution given vector D (e.g., the vector of critical flood height values calculated from the IFHA 
                                                 
2 The lognormal model is perhaps the most universally adopted model for structural fragility. Three 
factors may have contributed to this ubiquitous use; namely, the simplicity, non-negative argument variable, 
and the fact that it relies only on the first two (non-central) statistical moments (i.e., mean and standard 
deviation). Arguably, in circumstances where only the first two statistical moments are available, the Normal 
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curves) can be expressed as the posterior joint probability distribution for the mean and standard 
deviation for the Normal probability distribution [37]: 
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where p(β|D) is the posterior marginal distribution of β and p(η|β,D) is the posterior conditional 
distribution of η given β. The marginal PDF for β can be expressed as a derived χ distribution [37]: 
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The posterior conditional distribution of η can be calculated as [37]: 
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Eq. 5 
where ν=N-1; 1ln Yh =  and s
2 are the (logarithmic) sample average and sample variance of the set of 
structural performance variable values hY=1 for limit state LS, respectively. Finally, the robust 
fragility can be calculated by integrating over the joint (posterior) probability distribution for the 
Log-Normal fragility model conditioned on the set of data values obtained in the form of 
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where Eχ[.] is the expected value operator over the vector of parameters χ =[η, β] and  is the 
domain of vector χ . The variance σ2 in fragility estimation can be calculated as: 
( )
( )
( )2 2 2
ln( / )
[ | , , ( | , )] [ ( | , )] |
h
F E F LS h P LS h P LS h p dχ χ
η
σ χ
β
Ω
 
= − = Φ − ⋅ ⋅ 
 
∫
χ
D D D χ D χ  Eq. 7 
where P(LS|h, D) is calculated from Eq. 6. 
1.3.1 Calculation of robust fragility using Monte Carlo Simulation 
The robust fragility curve and its plus/minus one standard deviation confidence interval can be 
calculated efficiently using Monte Carlo Simulation. This is done by approximating Eq. 6 and Eq. 7 
in the following manner: 
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Eq. 9 
Where nsim is the number of simulations. In above equations, ηi and βi correspond to the ith 
realization of the vector of fragility parameters χi. The vector χi is simulated based on its probability 
density function p(χ|D) in Eq. 3. This is achieved by first sampling βi from its (posterior) marginal 
probability distribution p(β|D) in Eq. 4. In the next step, conditioning on βi, ηi is sampled form the 
conditional (posterior) distribution p(η|βi, D) in Eq. 5. It should be noted that nsim can assume very 
large values with no problem as the estimators shown in Eq. 8 and Eq. 9 and the probability 
distributions in Eq. 4 and Eq. 5 are all expressed in a closed and analytic from. 
1.4 Implementing IFHA in a performance-based safety-checking framework 
A performance-based safety-checking objective can be expressed by the following generic 
inequality: 
LS oλ λ≤  Eq. 10 
where λLS is the mean annual frequency of exceeding a prescribed limit state (i.e., a proxy for 
flooding risk) and λLS is an acceptable risk level, expressed in terms of the annual frequency of 
exceedance or one over the return period TR. The robust flooding fragility curve denoted as 
P(LS|h,D) (calculated in the previous section) can be integrated with flooding hazard λ(h), 
expressed in terms of the mean annual frequency of exceeding a certain flooding height h, in order 
to calculate the mean annual frequency of exceeding a prescribed limit state λLS in a specific point 
within the basin [22]. 
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1.4.1 IFHA in Demand and Capacity Factor Design (DCFD)  
The mean annual frequency of exceeding a prescribed limit state (risk) λLS can be expressed in 
a simple closed-form and analytical formulation based on the following set of simplifying 
assumptions [28, 38]: the robust fragility P(LS|h,D) can be expressed as a Log Normal cumulative 
distribution function (CDF) with median ηh(Y=1) and logarithmic standard deviation βh(Y=1); the 
flooding hazard curve can be approximated by a power-law relation as a function of the flooding 
height ko·h-k. As a result, the performance objective in Eq. 10 can be expressed as following: 
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After simple algebraic manipulations, Eq. 12 can be rearranged and subsequently expressed as: 
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The above performance-based safety-checking inequality can be represented in the following 
generic format: 
( )Rh T FC≤  Eq. 14 
where h(TR) is the flooding height corresponding to the flooding return period TR=1/λo from the 
flood hazard curve or simply “flood demand”; FC is referred to as the factored critical flooding 
height or simply “factored capacity” (e.g., in meters of water height): 
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In the presence of epistemic uncertainties for determining the median flooding height, it can be 
shown [28] that the factored capacity FCU can be calculated from the following: 
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where βU represents the epistemic uncertainties in the estimation of the median flooding height 
from the fragility curve (i.e., the uncertainty in the parameters of the fragility model).  
Figure 2 below shows a schematic representation of the factored capacity FC and the flood 
demand h(TR). The figure features both the robust fragility curve (solid blue line) and its plus/minus 
one standard deviation curves (dashed blue lines). The flooding hazard curve is plotted as a red 
solid line. As it can be seen from the figure, βh(Y=1) is estimated as half of the logarithmic distance 
between the 84th and 16th percentiles. The factored capacity FC calculated from Eq. 15 is shown as 
a full blue dot on the Figure. Moreover, estimating the epistemic uncertainty βU as half of the 
logarithmic distance between the robust fragility plus and minus one standard deviation curves, the 
factored capacity FCU is calculated taking into account the influence of the epistemic uncertainties 
(shown as the red full dot). This graphical representation is used later on for both the safety-
checking of the default non-engineered structure of the case-study and also for upgrade decision-
making for various viable mitigation strategies. 
 
Figure 2: The schematic diagram of the DCFD safety checking format. 
1.5 Flood actions 
In this work, the structural damage induced by flooding is assumed to be due to hydrostatic 
and/or hydrodynamic pressure, and the accidental action induced by the impact of waterborne 
debris [39].  
 
The hydro-static pressure: The hydro-static pressure phs(z) is governed by Stevin’s law, and 
can be calculated trough the following relation: 
( ) ( )hs wp z h zγ= ⋅ −  Eq. 17 
where γw is the specific weight of water, z is the abscissa measured from the bottom of the structure 
and h is the flooding height. It should be noted that the special case in which the foundation is under 
the ground level is not considered; in that case, hydrostatic pressure due to the soil column should 
also be considered. 
 
The hydro-dynamic pressure: The hydrodynamic actions can be induced due to both flow 
velocity and also due to transient water level (i.e., waves). However, in an urban context, the 
hydrodynamic actions due to velocity of the flow seem to be more critical, as also shown in [40]. 
The hydro-dynamic pressure phd at height z from the ground can be derived as: 
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where Cd is the drag coefficient (typically ranges between 1.2 and 2.0 according to [41]); ρw is the 
mass density of the water (ρw=γw/g, with g gravity acceleration);  v(z) is the flow velocity at height 
z. It can be observed that the hydrodynamic pressure distribution is directly related to the velocity 
profile along the height. In lieu of detailed hydraulic calculations, the distribution of velocity along 
the height can be obtained based on simplified assumptions. Figure 3 below illustrates a typical 
representation of the velocity profile along a vertical surface. It can be observed that the maximum 
velocity is reached somewhat below the water surface.  
 
Figure 3: (a) Velocity profile along the height. (b) Approximate velocity profile.  
In this work, an approximate velocity profile along the structural height is assumed as 
illustrated in Figure 3(b). This consists in adopting a parabolic profile that reaches the maximum 
velocity at the flow surface with a vertical slope. The approximate parabolic profile can be written 
as a function of the flooding height: 
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As shown in [22, 42], the relation between maximum flooding velocity and maximum flooding 
height at any given point within the zone of interest can be approximated with a power-law relation 
(of the form vmax=a·hmaxb). This power-law fit helps in transforming an otherwise vector-based risk 
assessment using H=[hmax , vmax] as the hazard/fragility intensity measure to a scalar risk assessment 
problem using only hmax as the intensity measure. The assumption that the maximum flow velocity 
versus maximum depth can be described by a power-law relation, in the context of this work, 
implies the following: 1) the maximum flow velocity occurs at the water surface level (it usually 
occurs somewhat below the water surface); 2) the maxima in velocity and depth take place 
simultaneously; 3) in a conservative manner, it has been assumed that the flow direction is 
orthogonal to the wall(s). It has been demonstrated in [22] that the flow velocity and depth maxima 
for various return periods indeed follow a power-law relation for the same neighbourhood of the 
case-study building herein. The median and logarithmic standard deviation for a and b parameters 
calculated for the Suna neighbourhood are [2.31, 0.13] and [1.77, 0.54], respectively. 
 
The flood pressure profile: The flood pressure profile is calculated as the sum of the 
hydrostatic and hydrodynamic pressure profiles, at a given height from the ground level. Figure 4 
below illustrates the total pressure acting on the wall panel (the right-hand column) and its break-
down into hydro-static and hydro-dynamic components for a set of increasing flooding heights and 
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for two alternative combinations of the pair of the power law parameters (denoted as a and b), 
namely (0.3, 1.15) and (1.5, 1.15). These two pairs of values are representative of two points with 
low flood velocity and height, and high flood velocity and low flooding height, respectively. 
 
Figure 4: Break-down of the flood pressure profile into hydro-static and hydro-dynamic components for two different 
pairs of parameters (HS: hydrostatic; HD: hydrodynamic). (a) Low flooding height and low velocity. (b) Low flooding 
height and high velocity. 
It can be observed that the contribution of hydro-dynamic pressure is significant for the case 
shown in Figure 4(b), with small flooding height and large flooding velocity. Generally speaking, 
the hydrodynamic pressure can be more significant for flood velocity values larger than 1 m/s. 
 
Accidental debris impact: Once the velocity profile is known, it is possible to calculate the 
(accidental) debris impact forces. There are alternative formulations for the calculation of the 
impact magnitude leading to substantially equivalent results in the case of tree-trunk impact; for 
instance, the impulse-momentum [43], the work-energy [44] and the contact stiffness [45] 
formulations. The two latter approaches require information about the kind of debris that hit the 
structure. More specifically, the approach based on work-energy requires information about the 
stopping distance. This is while the approach based on contact stiffness needs to know the contact 
stiffness of the impact of the debris against the structure. Thus, in this work the approach outlined in 
[43] based on impulse-momentum formulation has been adopted to calculate the debris impact.  The 
debris impact (FDI) can be calculated through the following relation: 
D D
DI
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F
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⋅
 Eq. 20 
where WD is the debris weight; vD is the debris velocity (assuming that the debris is waterborne, 
vD=vmax); g is the gravity acceleration; and t is the impact duration.  
 
Within the simulation procedure, the debris mass, the impact time and the horizontal position of 
the point of impact along the wall are going to be randomized.  
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2 Case study: cement block non-engineered buildings in Dar Es Salaam, Suna 
Neighbourhood 
2.1 General description  
Typical non-engineered residential buildings in Suna neighborhood in Dar Es Salaam are made of 
regular masonry with cement blocks [46, 47]. They may have a different percentage of hollow 
space and are not always placed with mortar layers. The walls are generally not protected with a 
waterproof layer. The thickness of wall is almost invariable and is generally equal to the thickness 
of the cement block (125mm) plus the plaster thickness (between 10-20 mm). A detailed survey 
conducted by the Institute of Human Settlements Studies (IHSS, Ardhi University) group on an 
informal building located in Suna neighborhood has been chosen as a representative case for cement 
brick non-engineered buildings in Dar Es Salaam [22]. The compiled survey sheet for this building 
is reported in the Appendix. 
2.2 The structural model 
This work employs an elastic finite element model (FEM) in the open-source software 
OpenSees [48]. Employing FEM provides the possibility of modelling the real geometry of the 
structure, taking into account the openings and irregularities. The structural models developed 
herein are consisted of two-dimensional elastic shell finite element panels with openings 
(considered as voids). Based on the detailed survey conducted on the case-study building, it is 
deducted that the vertical connections between the walls are not strong enough to activate a 
significant interaction between the orthogonal walls (a.k.a. box-effect). Therefore, the structure is 
modelled as an ensemble of individual 2D walls. Figure 5 and Figure 6 below illustrate the various 
configurations of the walls considered in the analysis procedure. 
 
 
Figure 5: Three-dimensional view of the structural model. 
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 Figure 6: The individual two-dimensional wall panels modelled with OPENSEES (Length in meters). 
 
It can be observed that the case-study building is composed of three completely full walls, three 
walls with only windows, one wall with door and window and one wall with only door. The rigidity 
of the connection between the walls is not known so that wall models may be considered hinged or 
fixed -end (clamped) at the vertical side. However, due to the absence of particular brick 
positioning details in the wall corners and the low thickness of the wall panel, the vertical wall 
constraint is assumed to be hinged. Since the building is realized on a raised platform of 40cm 
height, the bottom side of the wall is modeled as fixed (clamped). The platform consists of a plate 
foundation (under the entire building) raised from the ground in order to mitigate the problem of 
water entrance inside the building. The height of the platform is not subjected to uncertainty since it 
has been measured during the field survey.  
2.3 Characterization of uncertainties 
The mechanical material properties for this building are characterized by a considerable amount 
of uncertainty. This is due to both the variability of the material strength values in different parts of 
the same building (e.g., some parts of the structure may suffer degradation due to elongated and 
direct contact with water) and the lack of laboratory tests. To take into account these uncertainties, 
the mechanical properties of materials are characterized by probability distributions. In the 
following table, the material mechanical properties for the case-study building are reported.  
 
Mechanical properties 
Distribution 
type 
Min Max COV [%] 
γ (kN/m3) – specific weight Uniform 14.0 18.0 7.22 
fm (MPa) – compression strength Uniform 1.0 3.0 28.87 
τ0 (MPa) – shear strength Uniform 0.03 0.1 31.09 
ffl (MPa) – flexural strength Uniform 0.12 0.15 6.42 
E (MPa) – linear elastic modulus Uniform 1200 1200 0.0 
Table 1: Mechanical properties for Dar Es Salaam case study building. 
The absence of a waterproof paint on the walls may reduce the mechanical properties of the 
material due to various factors, such as, direct contact with water, the presence of active agents and 
humidity. Since the building survey does not indicate whether the walls have water-proof paint or 
not, it is conservatively considered without water-proof protection. An overall reduction coefficient 
of 0.75 has been applied to all the material mechanical properties in order to take into account the 
degrading material properties due to direct contact with environment [46]. However, it is worth 
mentioning that this value has been chosen in an arbitrary manner due to a complete lack of 
(quantitative) supporting information. 
As mentioned in the previous section, the flood loading takes into account the effect of 
hydrostatic loading, hydrodynamic loading and the accidental debris impact. According to the 
survey sheet illustrated in Appendix, the doors and windows are not sufficiently water-proof. The 
effect of insufficient closure system is explicitly considered in calculating the flooding actions 
applied to the building. In particular, for this case study, hydrostatic load is not going to be 
considered in cases where the water level reaches the height of the platform. This is due to the fact 
that the presence of water inside the building leads to a distribution of hydrostatic pressure that 
equilibrates the external (hydrostatic) pressure. 
The debris weight, duration of the debris impact and the point of impact within each wall have 
been assumed as the uncertain parameters governing the characterization of the debris impact. The 
first two have been considered uniformly distributed and their parameters are reported in Table 2 
below. Regarding the positioning of debris impact, the horizontal position of the point of impact has 
been randomized for each simulation and each wall (the vertical position depends on the flooding 
height, assuming floating debris). The values reported in Table 2 have been set by assuming 
waterborne debris such as rubble or tree trunk. The minimum and maximum values of 0.5 second 
and 1.5 second, respectively, for the (uniform) distribution of debris impact time are set in order to 
consider a certain variability respect to the central value of 1.0 second proposed by Autority of Pò 
River Basin in [49]. 
 
Loading 
parameter 
Distribution  
type 
Min Max COV [%] 
Debris mass (kg) Uniform 200 500 24.74 
Debris impact 
time (s) 
Uniform 0.5 1.5 28.87 
Table 2: Continuous uncertain parameters related to loading parameters 
 
2.4 Calculating the critical flood height h(Y=1) for a given realization of vector Ө 
As it was mentioned in the previous section, the critical flood height for a given realization of 
vector θ can be calculated from the IFHA curve as the flood height value that corresponds to Y=1. 
The systemic variable Y was defined as the critical demand to capacity ratio throughout the 
structure, defined according to a “weakest-link” concept. In other words, Y is calculated as the 
largest demand to capacity ratio throughout all the walls. Within each wall, zones of high stress 
concentration can be identified due to, debris impact, asymmetric boundary conditions, and 
geometrical configurations/presence of openings. Herein, the Y value for each given wall is 
calculated as the largest demand to capacity ratio for all the critical sections controlled. Figure 7 
below shows the critical sections considered for the case-study structure.  
 Figure 7: The critical sections considered throughout the case-study structure (highlighted in red color). 
For each section examined, a critical demand to capacity ratio is calculated through an iterative 
procedure. This iterative procedures searches various pieces of the critical section (constructed as 
integer multipliers of the shell element “building block”) in order to find the sub-section with 
highest stress concentration. This iterative procedure is demonstrated schematically in Figure 8 
below for the base section in a wall panel consisted of two windows. 
 
Figure 8: Schematic diagram of the iterative procedure employed in order to identify the zone with highest stress 
concentration within a given wall section. 
For a given a given realization of the vector of the uncertain parameters Ө, the critical demand 
to capacity ratio (Y, explained in the section 1.2) is calculated as the largest demand to capacity 
ratio considering both the shear stress and the out-of-plane bending moment. Therefore, for the 
specific case, Y is equal to: 
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 Figure 9: Hierarchy for the identification of weakest-link. 
There are several methodologies available in the literature for analyzing the masonry structures 
subjected to a combination of gravity and lateral loading (mostly for seismic loading). For example, 
the masonry structures can be analyzed by using the equivalent frame method [50]. Alternatively, 
the virtual work principle based on a limit analysis approach [51] can be used in order to calculate 
the loads that can bring the structure (or a part of it) to the verge of instability. On the other hand, 
several models have been proposed for evaluating the in-plane capacity of masonry walls [52], [53]. 
Few works so far have dealt with the structural effects of hydrogeological hazards; for example, 
[54], [39], [55]. The aim of the authors herein is to demonstrate how simple models can be used for 
evaluation of the vulnerability of non-engineered constructions. This choice is backed by the fact 
that it can be quite complicated (due to various reasons such as lack of laboratory instrumentation, 
economic resources, …, etc.) to obtain extensive laboratory and in-situ tests, necessary for detailed 
modeling, for this specific kind of buildings. Therefore, the aim has been to implement simple 
models with few parameters that can often be characterized also based on available literature and 
visual/in-situ testing. 
Two different kind of actions are verified herein: 1) out-of-plane bending moments in both 
horizontal and vertical cross sections; 2) out-of-plane shear stress.  
The flexural moment resistance (MRd,H) in horizontal sections is calculated according to [56]: 
,
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 Eq. 22 
The bending moment capacity is evaluated considering that the out-of-plane bending moment 
capacity is differentiated with respect to horizontal and vertical sections, due to the (more 
significant) presence of axial forces. The vertical moment resistance (MRd,V) is evaluated according 
to Griffith and Vaculik [57]. 
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 The shear strength (VRd) considering the tangential stress capacity according to Nigro and Faella 
[21] and CEN [58]: 
sec 0Rd tion
V A τ= ⋅  Eq. 24 
In previous equations: Asection is the area of the section/sub-section; τ0 is the tangential stress 
capacity; t is the thickness of the wall; fm is the compression resistance of the masonry along the 
horizontal sections; ffl is the compression resistance of the masonry along the vertical sections; 
Hsection is the height of the section/sub-section; N is the axial force acting on the section/sub-section. 
The formula for shear strength neglects interactions between shear/axial forces. The flexural 
strength for a horizontal section/sub-section in Error! Reference source not found. assumes that 
the bending moment strength is reached by means of exceeding the ultimate compression strength. 
It is worth mentioning that local stress concentrations do not necessarily translate into global failure 
0 1 2 i or j n...
i=2   -   j=t
Wall Section Sub-section Mechanism
Flexural
Shear
mechanisms; however – in lieu of more accurate information – they can be considered as precursors 
to failure for a brittle structure. 
2.5 Incremental analysis curve and demand to capacity ratio graphs  
The incremental flood height analysis procedure, which is performed for 20 realizations of the 
vector of the uncertain parameters, provides the critical (weakest link) demand to capacity ratio Y 
corresponding to each hydraulic load step, over all the considered mechanisms/sub-
sections/sections/walls (see Figure 9 for the heierarchy of the links). Figure 10 below reports the 
incremental flood height analysis curves for the simulation realizations performed for the case study 
building. 
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Figure 10: Incremental Flood Height Analysis curves and the lognormal distribution fitted to the sample of critical 
water height values. 
As explained before, the critical water height for each simulation realization is estimated as the 
flooding height corresponding to Y=1 from the IFHA curve. The median η and the logarithmic 
standard deviation β for the critical water height can also be evaluated based on the IFHA results. It 
can be seen that for the case-study structure considered, the critical flood heigh is not very sensitive 
to the uncertainties in loading and mechanical material properties. It should be noted that the 
collapse limit state is almost exclusively governed by flexural failure in the horizontal section in the 
base. The flexural strength in (Eq. 22) in its turn depends strongly on the axial load, thereby on the 
self weight of the structure. Therefore, the small variability in the critical height values can also be 
attributed to the relatively small variability in the specific weight (Table 1). The other factor that 
contributes to the small variability in the critical height values is that the moment in the base has a 
dimensional relationship of length to the power of three with flooding height. In other words, the 
variability in the critical demand to capacity ratio for a given flood height (i.e., a horizontal cut 
through the IFHA curves in Fig. (10)) is much larger than the variability in the critical flood height 
for Y=1 (a vertical section through the IFHA curves in Fig. (10)). It is worth mentioning that for 
this specific case study, considering the debris impact does not seem to affect the critical water 
height significantly. 
Figure 11 below depicts in a visual manner how the demand to capacity ratio is calculated and 
reported for various sub-sections in the lower end of the wall for h=0.80m (by applying Eq. 22, Eq. 
23 and Eq. 24 through the procedure illustrated in Figure 8).  
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 Figure 11: Schematic procedure for identifying the Y value for a sub-section defined by the indexes i and j. 
 As it can be seen in the figure, each Y value in the contour is associated to a sub-section 
identified by its beginning and end nodes i and j compatibile with the schematic diagram in Figure 
8. It can be observed that these contour diagrams provide efficient and visual means of screening 
the most critical zones of stress concentration in a given section of a given wall subjected to a 
specific flooding height. The diagram can also be read in the opposite manner by choosing a 
specific sub-setcion, identified by its end nodes, and finding the corresponding Y value. For 
example for the section depicted in Figure 11, the most critical subsections are in the vicinity of the 
door (to the left) with a Y value of around 0.50. 
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 Figure 12: Y values for flexural base mechanism of Wall 4. 
Figure 12 reports the demand to capacity ratios (Y values) for flexural mechanism at base for 
the load steps 0.60, 0.80 and 1.00 meters. As it can be seen, critical sub-sections can be identified 
for the zone between the door and the extreme lateral section in the left. In a similar manner, Figure 
13 illustrates the Y values for the flexural mechanism in the section passing right under the window 
at the load steps 0.60, 1.00 and 1.20 meters. It can be seen that the critical sub-sections are 
concentrated in the zone between the door and the extreme left side of the wall. Figure 14 shows the 
Y values in terms of shear for the vertical section at the side of the door. It can be observed that the 
zones of high stress are concentrated in proximity of the wall base where a fixed connection is 
assumed.  
 
 
Figure 13: Y values for flexural mechanism under the window for Wall 4. 
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 Figure 14: Y values for shear mechanism for the section running alongside the door for Wall 4. 
2.6 Performance-based safety-checking  
Figure 15 below illustrates the fragility curves calculated for the case-study building for the 
default condition. The left-hand figure depicts both the fragility curves for the individual walls and 
the fragility curve for the building as a whole through the weakest-link concept (the thick red line). 
The right-hand figure depicts the robust fragility curve for the entire building with the plus/minus 
one standard deviation confidence interval. This confidence interval represents the epistemic 
uncertainty in the estimation of the robust fragility. The width of the confidence interval is going to 
decrease as the number of simulations increases. The building failure mode seems to be entirely 
governed by the flexural failure of the base section in wall number 4 (the same wall that was 
analyzed in more detail in the previous section) and there is no shift of failure mechanism due to the 
consideration of uncertainties. 
 
 (a) 
 
(b) 
Figure 15: (a) Fragility curves for the individual walls within the default structure (D); (b) the robust fragility curve for 
the entire structure with the plus/minus one standard deviation confidence interval 
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2.7 Using the DCFD safety-checking for flood resistance upgrading decision-making 
The DCFD safety-checking format can also be used for screening of various viable upgrading 
strategies for improving the flood resisting characteristics of the case-study building. In this section, 
some viable upgrading strategies are presented and the corresponding model is assessed using the 
DCFD format. It should be noted that the proposed solutions are all relatively low-cost and some of 
them are already implemented by the inhabitants of the zone as viable climate adaptation strategies 
(in particular, raising the platform). Figure 16 below reports the robust fragility curves for the case 
study building in default conditions (model D, purple) and also with four viable mitigation 
strategies:  
1. Increasing the platform height from 40cm to 80 cm (model A, green); 
2.  Upgrading the vertical connection between the walls from hinged to clamped (model B, 
orange);  
3. Filling the door in Wall 4 (model C, dark blue);  
4. Filling the doors in Wall 4 and 7 end realizing a door instead of the middle window in Wall 1 
(model E, dark green).  
For each structural model discussed above, the factored capacity is calculated from Eq. 16. 
Moreover, the flood hazard curve in terms of the mean annual frequency of exceeding a given 
flooding height for the site of the building is also plotted (in black solid lines) in the figure. It 
should be reminded that the inverse of the mean annual frequency of exceeding a given flooding 
height is equal to the return period of the flooding event. Therefore, the intersection of the flood 
hazard curve with the vertical dashed lines, representing the factored capacity for each viable 
model, represents the most extreme flooding event (identified by its return period) that the structure 
can withstand for the limit state of collapse, according to the DCFD safety-checking format. For 
each model studied, the flooding risk represented by the mean annual frequency of collapse 
calculated from Eq. 11 is also reported. Below, each viable upgrading strategy and its effect on the 
overall flood resisting performance of the building is discussed. Table 3 summarizes the findings in 
Figure 16 by tabulating the median ηhY=1 and logarithmic standard deviation βhY=1 for the fragility 
curves, the logarithmic standard deviation βU representing the width of the confidence interval (the 
uncertainty in the parameters of the fragility), the factored capacity FC from Eq. 15, and the 
factored capacity FCU taking into account the effect of the epistemic uncertainties. 
Increasing platform height (model A, green). This strategy consists in increasing the level of 
the floor inside the building to reduce the flood water pressure on the walls. It should be 
emphasized that the raised platform should have sufficient rigidity for resisting the flood uplift 
pressure and scouring effects. In Figure 16 it can be seen that this strategy leads to a significant 
reduction in risk (from 29% to 12% approximately) and an increase of around 0.37 meters in the 
critical flood height capacity corresponding the collapse limit state. The fragility curve for the 
building with the increased platform height not only reveals a net shift (approximately equal to the 
increase in platform height) towards higher flood depth values but also seems to have a lower 
dispersion. In order to explain this, one can recall that the variance in the critical water height 
depends on the variance in the resisting forces/moments in the critical sections examined (through 
performance variable Y). In this particular case, the critical section seems to be the section in the 
base (to the left-hand side of the door) for Wall 4. The variance in the overturning moment in the 
base is going to be directly related to the water height (through axial force N that depends on the 
flow density and height in Eq. 22). In case A (increasing the platform height), the flow depth above 
the platform is going to be smaller that of the case D (lower platform height). This describes the 
reduction in dispersion in case A with respect to the default case (case D). 
 
Upgrading vertical connection (model B, orange). In order to ensure the presence of a fixed-
end connection, special detailing techniques should be employed; such as, use of reinforcement, or 
special placing of bricks in wall corners. Upgrading of vertical connections may ensure the presence 
of box effect in the structure and a 3D model would be much more suitable for representing the 
overall performance of the structure. However, herein, the walls are analyzed individually and the 
effect of the upgraded connections is not very pronounced. It can be observed that the factored 
capacity FC is increased from 0.84m to 0.85m and the factored capacity FCU taking into account the 
effect of epistemic uncertainties is increased from 0.83m to 0.84. Moreover, no significant decrease 
is observed in the flooding risk (which is equal to 28%). In other words, merely considering the 
change in the vertical boundary condition (as it is done herein) indicates a slight change in the 
global resistance because the base sections (critical sections for this building) are less solicitated 
compared to the default model D (due to the bending moment developed in the lateral fixed joints in 
the upgraded case). Nevertheless, the degree to which the vertical boundary conditions are going to 
affect the overall performance of the building also depends on the building configuration and 
geometry (e.g., the thickness of the wall, position and number of the opennings and the aspect ratio 
of the walls). 
Filling door Wall 4 (model C, dark blue). This is a simple solution to solving the problem of 
stress concentration in the horizontal base section between the door and the side of the Wall 4. It 
consists in the closure of the door with cement blocks, using material similar (in terms of 
mechanical properties) to the blocks of the building. This solution is possible because the building 
has already another entrance from Wall 7. It can be observed that this solution leads to a small 
increase in factored critical water height capacity (from 0.83m to 0.88m) and a small decrease in 
risk (29% to 27%). 
Reorganization of openings (model E, dark green). This solution consists in the filling of the 
existing doors in walls 4 and 7 (since they make the wall mechanical behavior irregular, creating a 
concentration of stress in the horizontal base section between the doors and the side of the wall) and 
creating a new door replacing the central window in Wall 1. It can be observed that this solution 
leads to an increase in factored critical water height capacity from 0.83m to 0.96m and a reduction 
in flooding risk from 29% to 23%. After the reorganization of doors in the building, Wall 4 is 
clearly no longer the weakest link. As it can also be observed in Figure 16, in the form of an 
increase in the dispersion of the corresponding fragility curve (case E, dark green), in this case the 
weakest link may change for different simulations. That is, considering the uncertainties in the 
structural and loading modelling parameters can change the governing failure mechanism. 
However, the overturning moment (horizontal bending in Eq. 22) in the base section of Wall 1 
seems to be the predominant failure mode.  
 
 Figure 16: Fragility curves of the building for four different risk mitigation solutions. 
 
Model 1Yh
η =  1Y
h
β =  Uβ  FC  UFC  Risk TR 
(D) 0.84 m 1.52 % 0.42 % 0.83 m 0.83 m 28.95 % 3.12 y 
(A) 1.20 m 0.66 % 0.17 % 1.20 m 1.20 m 11.99 % 8.96 y 
(B) 0.85 m 3.09 % 0.82 % 0.84 m 0.84 m 28.19 % 3.15 y 
(C) 0.90 m 4.33 % 1.22 % 0.88 m 0.88 m 26.83 % 3.37 y 
(E) 0.98 m 5.44 % 1.55 % 0.96 m 0.96 m 23.18 % 3.99 y 
Table 3: Synthesis of the results. 
To highlight the stress reduction in Wall 4 produced by the reorganization of openings in the 
building, the demand to capacity ratio for flexural mechanism in the base section, flexural 
mechanism under the windows and the shear mechanism at the door side are reported in Figure 17 
for a water level of 1.00m. Comparing Figure 17 with the graphs reported in Figure 12, Figure 13 
and Figure 14 it is possible to see the benefits induced by the elimination of the door in Wall 4. 
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 Figure 17: Y ratios for three different sections/mechanisms of Wall 4 in case of reorganization of openings (h = 
1.00m). 
Conclusive remarks 
The probability- and performance-based Demand and Capacity Factor Design (DCFD) format 
is adopted for flood safety-checking and screening of viable flood resistance upgrading strategies 
for a case-study informal building located in Suna, Dar Es Salaam. The building is modeled taking 
into account a compiled visual in-situ survey form. In the absence of specific reinforcement and 
detailing in corners, it is presumed that the box effect is not going to be present and each wall 
within the building is modeled separately (using elastic 2D finite element models). Focusing on the 
collapse limit state, it is assumed that the building is going to reveal a fragile behavior and therefore 
the assessment is done on the basis of checking allowable stresses within critical sections. The 
global performance of the building is measured in terms of a critical demand to capacity ratio 
calculated based on a weakest link philosophy as the demand to capacity ratio for weakest portion 
of the weakest wall within the structure. An analysis procedure dubbed as the incremental flood 
height analysis is used in order to find the critical flooding height that corresponds to the onset of 
unit demand to capacity ratio. The structural fragility is calculated taking into account the 
uncertainties in loading and material properties and by using an efficient Bayesian procedure 
providing a robust fragility curve and its plus minus one standard deviation confidence interval. The 
factored capacity measured in terms of the critical flooding height for the structure can be 
calculated based on the DCFD formulation taking into account both the logarithmic standard 
deviation in the fragility curve and also the epistemic uncertainties. The factored demand is 
calculated as the flooding height corresponding to an acceptable mean annual rate of exceedance, 
established a priori as a performance objective. A visual representation of the DCFD safety-
checking format seems particularly useful as it can depict both the critical water height capacity for 
the building and also its capacity in terms of the flooding return period it can resist without 
collapsing. This graphical presentation is useful also for a risk-based screening of various viable 
upgrading strategies. 
 With regard to the case-study building, an iterative procedure is used for individuating the 
stress concentrations in various critical sections in the walls. This is done with the specific objective 
of finding the critical weakest link demand to capacity ratio for the entire structure, neglecting the 
box effect. The results are post-processed in order to provide demand to capacity ratio contours for 
a given section for a given flood height. These plots are quite useful in providing an insight into 
stress concentrations within various sections. It can be observed that the sources of uncertainties 
considered do not have a significant effect on the overall performance of the structure. Arguably, 
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this is because the overall building behavior seems to be invariably governed by a specific section 
(base section) within a specific wall. In other words, taking into account the uncertainties is not 
shifting the dominant failure modes. Using the DCFD format for screening of four viable upgrading 
strategies, it can be observed that raising the foundation of the building is going to significantly 
improve the overall flood resistance of the building. Moreover, re-organizing the position of the 
openings in the walls with the aim of creating a more symmetric and regular distribution of 
openings, is going to lead to a discrete improvement in the flood resisting capacity of the structure 
(around 10-20% decrease in risk). In general, for the non-engineered structure considered (assuming 
a fragile behavior due to excessive stress concentrations), the configuration of the walls and the 
openings is expected to play a significant role in the overall performance of the building. 
 It should be mentioned that the flooding risk in this work has been calculated by considering 
the flow depth as the only intensity measure. However, and in order to take into account also the 
hydrodynamic forces exerted by the flow, it has been assumed that the flow depth and velocity 
maxima are related through a power-law relation. This assumption, in the context of this work, has 
the following limiting implications: 1) the maxima in flow depth and velocity are synchronized; 2) 
the flow velocity maxima in profile occurs at the flow surface level; 3) the hydrodynamic force is 
orthogonal to the wall. 
  Clearly, the application of the DCFD format for safety-checking and upgrade decision-making 
goes beyond the case-study of non-engineered buildings. Moreover, the tools created are also going 
to be very useful for estimating portfolio fragility curves for a class of buildings as done in [42]. 
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